Lamiophlomis rotata (L. rotata) is a Tibetan medicinal herb used for centuries that contains iridoid glycosides (IGs), which are pharmacologically active ingredients and can be used for quality control. The IG profiles of the underground and aerial parts of the plant were determined by UPLC-TOF-MS to evaluate the similarity and variability of the different herbal parts listed in the Chinese Pharmacopoeia. Twenty-six IGs were detected in the total ion current (TIC) profile of L. rotata, and twenty-two of these were identified by comparing the retention times and mass spectra of the compounds to those of authentic standards.
Introduction
Lamiophlomis rotata (Benth.) Kudo (L. rotata) is a folk medicinal plant that is widespread throughout the Gansu, Sichuan, Qinghai and Tibet provinces in China.
1 It has been traditionally used for the treatment of knife and gun wounds and to promote haemostasis for many centuries. 2 In 1995, preparations made from the root of L. rotata were officially listed in the Chinese Pharmacopoeia (Chin. Ph. 1995 edition) for the rst time. 3 In the Chin. Ph. 2005 edition, the whole plant was included. 4 Finally, the aerial parts of L. rotata have been recorded as a raw material in the Chin. Ph. 2010 & 2015 editions.
5,6
The constituents of L. rotata include various iridoid glycosides, phenylpropanoids, avonoids, etc. Among different types of compounds, luteolin and total avonoids have been used for quality control. However, there is little evidence suggesting that phenylpropanoids and avonoids are responsible for the haemostatic activities of the herb, on the contrary, more and more new results proved that iridoid glycosides (IGs) are the major constituents of L. rotata, and might contribute to its pharmacological and therapeutic activities. Studies have shown that the IGs in L. rotata exhibit analgesic, 7, 8 anti-inammatory, 9 and haemostatic bioactivities. 10, 11 Additionally, IGs possess antioxidant activity, which protects against free radical damage in the progression of degenerative diseases such as cardiovascular diseases and ischemic brain injury. 12, 13 Consequently, in parallel with the pharmacological and therapeutic results, the marker compound used for quality control changed from "luteolin" to "shanzhiside methyl ester and 8-O-acetyl shanzhiside ethyl ester", and these two compounds were identied as the principle effective IGs. 5, 6 However, a few of these studies have sought to determine the antioxidant capacity of total IGs in different parts of L. rotata aer the change in the listing of its medicinal parts. Therefore, comparing the iridoid glycosides constituents between the aerial and underground parts of L. rotate is important for their quality control, and for the rationality of the herb parts alteration in the Chinese Pharmacopoeia.
More than 20 IGs have been identied in L. rotate ( Fig. 1 ), [14] [15] [16] and methods have been established for determining IGs. The levels of IGs in the roots, 17 in the aerial parts, 18 and in the whole plants 19 have been determined. Although some analytical methods have shown that shanzhiside methyl ester and 8-Oacetyl-shanzhiside ethyl ester exist in both the aerial and underground parts in L. rotata, it must be noted that these methods featuring the quantication of only a few IGs are not comprehensive IG prole analyses, and caution should also be exercised in assuming the similarity of IG composition in the aerial and underground parts of L. rotata from various geographical regions. There are very few published accounts on the similarity or variability of IG constituents in the two parts of L. rotata originating from different locations.
The authors of this paper have been interested in the metabolite proling of phytomedicine to standardize botanical products or herbal medicines for their quality and safety. [20] [21] [22] [23] Here, twelve batches of L. rotata, including both the aerial and the root parts, were collected from different habitats in China. A UPLC-TOF-MS-based metabolomic approach was employed, combined with principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA), to explore the IG distributions in the aerial and underground parts of L. rotata in four geographical habitats. To further evaluate the similarity and variability of the two parts of L. rotata, the antioxidant properties of the total IGs in different parts of L. rotata were investigated by analysing their 1,1-diphenyl-2-picrylhydrazyl free radical (DPPHc) scavenging activities. This information along with the knowledge obtained regarding the antioxidant properties of the total IGs in different parts of L. rotata may help to conrm the alteration of the medicinal parts.
puried from L. rotata in our laboratory and identied by direct comparison of their 1 H-NMR and 13 C-NMR spectra to those in the literature; 15-17 all purities were >95% by HPLC. 1,1-Diphenyl-2-picrylhydrazyl (DPPH), and butylated hydroxytoluene (BHT) were purchased from Aladdin Co. (California, USA). Trichloroacetic acid, ferric chloride potassium ferricyanide and other chemicals used were of analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
HPLC-grade methanol and formic acid were purchased from Merck (Darmstadt, Germany) and Tedia (Faireld, OH, USA). Deionized water was prepared using a Millipore water treatment system (Bedford, MA, USA). All other reagents were of analytical grade.
Twelve batches of L. rotata, including both the aerial and root parts, were collected from different habitats in Tibet and the Qinghai, Sichuan, and Gansu provinces of China ( Table 1) . The herbs were authenticated by Professor Yi Zhang (Chengdu University of Traditional Chinese Medicine, Chengdu, China). The samples were carefully divided into aerial and root parts and dried in the shade; voucher specimens were deposited at the College of Ethnic Medicine (Chengdu University of Traditional Chinese Medicine, Chengdu, China) and Chongqing Academy of Chinese Materia Medica (Chongqing, China).
Sample preparation
Dried samples (1.0 g of powder each) were extracted into 10 ml of 70% (v/v) aqueous methanol in an ultrasonic bath for 30 min and cooled at room temperature. The extraction was repeated three times using fresh aliquots of the solvent. Aer combining the three aliquots, the solutions were centrifuged at 12 000 rpm for 10 min and ltered through 0.22 mm pore membranes prior to UPLC-TOF-MS analysis. The extract was evaporated to dryness, and the residue was dissolved with ultrapure water and puried using polyamide resin (0.5 g), Samples of suitable concentration (0.1 g ml À1 ) were stored at À4 C for further analysis.
UPLC-TOF-MS conditions
Analyses were performed on a Waters Acquity UPLC system (Waters, Milford, MA, USA) equipped with a binary solvent delivery system, an auto-sampler, and a photodiode-array detection (DAD) system. The column was a Waters Acquity UPLC BEH C18 column (100 mm Â 2. 
Data processing and statistical analysis
All UPLC-TOF-MS data were analysed using the MarkerLynx soware (Waters, Manchester, UK) to identify the IGs in L. rotata. The parameters were as follows: retention time 1.5-28 min, mass range 100-1000 Da, retention time tolerance 0.01 min, and mass tolerance 0.01 Da. Peak integration was calculated using the peak width at 5% height (1 s), peak-to-peak baseline noise (0.1), and peak intensity threshold (10) . No specic mass or adduct was excluded. For data analysis, a list of the intensities of detected peaks was generated using the retention time (t R ) and the mass data (m/z) pairs to identify each peak. An arbitrary ID was assigned to each t R -m/z pair in the order of their UPLC elution to facilitate data alignment. This procedure was repeated for each run. Ions from different samples were considered to be identical when they had the same t R (tolerance within 0.01 min) and m/z (tolerance within 0.01 Da). If a peak was not detected in a particular sample, that ion intensity was recorded as zero. Sample and ion intensity data were analysed using the PCA and OPLS-DA subroutines of the SIMCA-P multivariate data analysis soware (ver. 13.0; Umetrics, Umeå, Sweden).
Determination of total IGs
The content of total IGs was determined according to the rst derivative spectrophotometry. This method has been applied in many elds. 25 Briey, full-wavelength scans of the samples were performed by a UV-Vis spectrophotometer (UV-1800), and the rst derivative was determined to distinctively reect the relationship of the absorbance of IGs to wavelength. The standard curve was plotted based on shanzhiside methyl ester, and the total IGs content was expressed as mg shanzhiside methyl ester equivalent per g dry weight.
2.6. Antioxidant activity 2.6.1. DPPH assay. The antioxidant capacity was studied through evaluation of the free radical scavenging effect on the DPPH radical. For this purpose, 0.8 ml of extract was mixed with 0.1 ml of DPPH solution in methanol. 26 Ultrapure water was used as a blank control, and various concentrations of BHT were measured as positive controls. Aer incubation in the dark for 60 min, the absorbance of each mixture was measured at 517 nm using an ultraviolet spectrophotometer. Each test was repeated three times using the same procedure. The radical scavenging activity was expressed as the IC 50 value in terms of the inhibition ratio.
2.6.2. Reducing power assay. The reducing power was determined based on the reducing capacity of Fe 3+ . 27 A series of extract concentrations were mixed with potassium ferricyanide (1%, w/v). Aer the mixture was incubated at 50 C for 20 min, 10% trichloroacetic acid was added and the mixture allowed to stand for another 10 min. Ultrapure water and 0.1% FeCl 3 were added last and aer this mixture stood for 10 min, the absorbance was read at 700 nm against BHT. Each test was repeated three times. The reducing power of the different extracts was compared by their IC 50 values in terms of absorbance.
Results and discussion

IGs identied by UPLC-TOF-MS spectra in aerial and underground parts of L. rotata
Crude extracts of the aerial and underground parts of L. rotata were analysed by MS and MS n in positive ion mode. In total, 26
IGs were detected in the total ion current (TIC) prole of L. rotata (Fig. 2) . To identify the IGs, PubChem, SciFinder Scholar of the American Chemical Society, and the Chinese National Knowledge Infrastructure (CNKI) database of Tsinghua University were searched for the spectral data of IGs reported previously in the L. rotata and Lamium species, and the results were summarized in a spreadsheet (Excel, Microso, WA, USA). Twenty-six IGs were detected in the total ion current (TIC) prole of L. rotata, and 22 of these were identied by comparing the retention times and mass spectra of the compounds to those of authentic standards ( Table 1 .
desoxylamiide, were not detected in the underground parts. In general, the aerial part has a similar IGs prole to that of the underground part of L. rotata. The IGs of L. rotata varied in concentration. In the 5,6-, 6,8-, 7,8-di-O-, and 6,7,8-tri-O-substituted glycosides, 28 the hydroxyl group substitutions cause CH 3 OH and/or H 2 O groups to be lost when the glycosides are fragmented in the positive ion mode. If a hydroxyl group is linked to C-6, it is easy to lose a molecule of methanol and to form a lactone with the carboxymethyl (COOCH 3 ) group at the C-4 position, with a (neutral) loss of 32 Da. 29, 30 If a hydrogen rather than a hydroxyl group is linked to the C-6 position, a molecule of methanol may nonetheless be lost, with the formation of a ketone and a COOCH 3 at the C-4 position; again, a neutral loss of 32 Da occurs.
If a hydroxyl group is linked to the 1, 5, 7, or 8 position, then a H 2 O molecule will be lost, and a double bond will be formed with an adjacent carbon atom. The ease of hydroxyl group loss is in the following order: 1-OH > 5-OH > 8-OH > 7-OH. The hydroxyl group at C-1 is linked to a vinyl ether bond and can thus readily form part of a molecule of H 2 O. The hydroxyl groups at the C-5 and C-8 position are linked to quaternary carbons; the hydroxyls at either position thus contribute more readily to the loss of an H 2 O than does the hydroxyl at C-7. Losses of H 2 O and CH 3 OH groups allow the positions of the relevant hydroxyl groups to be tentatively identied. ) . This observation indicated that the hydroxyl group at the C-8 position was more readily lost than the hydroxyl group at the C-6 position; the latter hydroxyl lost a molecule of methanol and formed lactones with the COOCH 3 group at the C-4 position with neutral losses of 32 Da, yielding product ions at m/z 177 Da (32% relative abundance). However, notably, the peak yielded ions at m/z 191 (51% relative abundance, which was higher than the relative abundance of the product ion at m/z 177 Da). This difference indicated that the hydroxyl group at the C-6 position more readily formed a double bond with the group at the C-5 position than lactones with the COOCH 3 group at the C-4 position. The product ions at m/z 149 and 121 Da were attributable to successive losses of CO groups. The proposed fragmentation pathway of the shanzhiside methyl ester is shown in Fig. 3 . this ion had a much lower relative abundance than the product ion at m/z 195 Da formed by the neutral loss of 50 Da, which suggested that a glucose unit was linked to C-1. This result also indicated that, in addition to the hydroxyl group at C-6, another hydroxyl group was linked to a quaternary carbon. This group should be in the C-5 or C-8 position. If the hydroxyl were linked to the C-8 position, the proposed fragmentation pathways of the compound would be similar to those of shanzhiside methyl ester. Therefore, the hydroxyl group was linked to the C-5 position. Based on the above evidence, the compound was tentatively identied as penstemoside. (Fig. 3) . These peaks indicated that a hydrogen, rather than a hydroxyl group, was linked to the C-6 position. The compound lost a molecule of methanol and formed a ketone group with the COOCH 3 at the C-4 position with neutral losses of 32 Da. As compound 17 does not have a hydroxyl group substituent at C-6, peak 17 was tentatively identied as 5-desoxylamiide (phlomoside A) by reference to the literature data on the L. rotata and Lamium species. This journal is © The Royal Society of Chemistry 2018
Peak 22 had a retention time of 14.686 min on the chromatogram. The MS/MS spectra exhibited four characteristic fragment ions at m/z 147, 177, 195, and 227 Da; the fragmentation pathways of the compound were similar to those of 5-deoxypulchelloside I. Peak 22 was tentatively identied as an isomer of 5-deoxypulchelloside I by reference to the literature data on L. rotata and Lamium species. The proposed fragmentation pathways of ve compounds are shown in Fig. 3 . Peaks 4 (phlorigidoside C), 19 (7,8-dehydropenstemoside) , and 21 (zaluzioside) exhibited the fragmentation patterns of IGs, as did peaks 2 (schismoside), 7 (lamalbide), 14 (6-O-acetylshanzhiside methyl ester), 24 (8-O-acetylshanzhiside methyl ester), 23 (loganin), and 26 (7-epi-loganin). Other IGs, including sesamoside, chlorotuberoside, 7-epi-phlomiol, and phloyoside II, were identied by reference to standards puried from L. rotata in our laboratory.
Multivariate statistical analysis
To dene non-obvious differences between the underground and aerial parts of L. rotata, a UPLC-TOF-MS-based metabolomic approach was designed to investigate the chemical characteristics of the two parts of L. rotata. Principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) were performed. As shown in Fig. 4a , the 12 samples clustered into two groups when non-targeted PCA scores were plotted aer Pareto scaling with mean centring. The chemical characteristics of the underground and aerial parts of L. rotata were signicantly different. Extended statistical analyses were used to provide an S-plot to identify the components contributing the most to the observed differences (Fig. 4b) . In this plot, each point represents an ion t R -m/z pair; the t R -m/z pair points at the two ends of the "S" are the markers affording the maximum discriminatory condence for either group. At least three constituents (a-c) could be used to discriminate clearly between the underground and aerial parts of L. rotata. The ion intensity trends of these selected ions in the analysed samples are shown in Fig. 5 . The component associated with ion a (t R 8.80 min, m/z 443.1158) is the most suitable chemical marker for distinguishing the aerial and underground parts of L. rotata; the potential marker ion a was identied as sesamoside, which was present at low levels in the aerial parts but was abundant in the underground parts of L. rotata.
Although sesamoside was found to be the key factor to distinguish the two parts of the herb, it should be emphasized that 8-O-acetyl shanzhiside methyl ester and shanzhiside methyl ester, two major qualitative and quantitative components of L. rotata, contributed nothing to the observed difference between the aerial and root parts of L. rotata (ESI Fig. 1 †) . Additionally, pharmacological studies have revealed that 8-Oacetylshanzhiside methyl ester and shanzhiside methyl ester have haemostatic, 10, 11 analgesic, 7, 8 and anti-inammatory bioactivities, 9 while sesamoside possesses only weak analgesic activities. 31 Moreover, the aerial part showed a similar IGs prole to that of the underground part of L. rotata. In view of the above reasons, it is still difficult to deny or support the rationality of the change in the herb part listing based only on the difference in individual ingredients between the two parts of the herb. To further explore the relationship between different parts, the total IG contents in the different samples of L. rotata were assayed by UV-Vis spectrophotometry.
Assay of total IGs and antioxidant activity in two parts of L. rotata samples
Twelve samples of L. rotata, including the aerial and underground parts, were assayed according to the method described above. The total IG contents in the different samples of L. rotata are shown in Table 3 ; the assay results showed that the total IG contents from the underground part were higher than those from the aerial parts. However, high concentrations of IG metabolites were also found in the aerial parts. In particular, the average total IG content in the aerial organs of the Gansu sample is nearly as high as that in the roots of Tibet samples. From this evidence, it can be cautiously concluded that the change in the listing of the medicinal parts of L. rotata is rational. The results also suggested that the dosage should be increased for therapeutic effect if the aerial part is used instead of the underground part.
To further understand the reasoning for the change in the herb part listing, the antioxidant activity was evaluated by the IC 50 values obtained in a DPPH radical and reducing power assay. BHT was used as a positive control, for the DPPH scavenging activity and reducing power, the correlation factor (R) was calculated, and the values showed extremely signicant correlations (p < 0.01). The antioxidant activity results showed a good correlation with the total IG content. Specically, the underground part of the No. 3 sample from Sichuan had the smallest IC 50 value of 1.06 AE 0. 13 In the presence of antioxidants, both the underground part and the aerial parts exhibited excellent antioxidant activity. The total IG content dramatically affected the antioxidant activity. The aerial parts of specic geographical origins that showed high total IG contents also showed similar antioxidant activity to that of the underground part, and these results suggested that the change in the listed medicinal parts of L. rotata is rational.
Conclusions
Lamiophlomis is a monotypic genus, represented by L. rotata, in the family Lamiaceae. The harvesting of the root of the herb is far in excess of acceptable levels in the high-altitude grassland ecosystem. Without other alternative, the use of the roots had to be replaced by the aerial parts to conserve natural resources. However, the IG composition of the two parts still remains poorly understood. In this paper, an LC-TOF/MS and multivariate statistical analysis method for characterizing twenty-six IGs was developed. The aerial part has a similar chemical prole to that of the underground part of L. rotata, although a slight difference in the IG composition of the two parts was detected. Metabolomic studies indicated that the concentration of sesamoside was higher in the roots, but the ion intensity trend plots of shanzhiside methyl ester and 8-O-acetylshanzhiside methyl ester did not differ signicantly between the aerial parts and the roots of L. rotata from various areas. The total IG contents appear to be controlled more by environmental factors than by the location in different parts of the plant: the aerial parts of specic geographical origin have high total IG contents similar to those of the corresponding underground parts. Meanwhile, in vitro antioxidant activity was assayed to estimate the rationality of the change in medicinal parts, and the results suggested that when the underground part is replaced by the aerial part, the dosage should be increased in traditional prescriptions. Therefore, it may be reasonable to choose the aerial parts instead of the roots to protect the high-altitude grassland ecosystem. These results also contribute to the rationale for altering the herb parts used in the Chinese Pharmacopoeia.
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